In patients with anisometropic or strabismic amblyopia, interocular suppression can be minimized by presenting high contrast stimulus elements to the amblyopic eye and lower contrast elements to the fellow eye. This suggests a structurally intact binocular visual system that is functionally suppressed. We investigated whether suppression can also be overcome by contrast balancing in children with deprivation amblyopia due to childhood cataracts. To quantify interocular contrast balance, contrast interference thresholds were measured using an established dichoptic global motion technique for 21 children with deprivation amblyopia, 14 with anisometropic or mixed strabismic/anisometropic amblyopia and 10 visually normal children (mean age mean = 9.9 years, range 5-16 years). We found that interocular suppression could be overcome by contrast balancing in most children with deprivation amblyopia, at least intermittently, and all children with anisometropic or mixed anisometropic/strabismic amblyopia. However, children with deprivation amblyopia due to early unilateral or bilateral cataracts could tolerate only very low contrast levels to the stronger eye indicating strong suppression. Our results suggest that treatment options reliant on contrast balanced dichoptic presentation could be attempted in a subset of children with deprivation amblyopia.
a b s t r a c t
In patients with anisometropic or strabismic amblyopia, interocular suppression can be minimized by presenting high contrast stimulus elements to the amblyopic eye and lower contrast elements to the fellow eye. This suggests a structurally intact binocular visual system that is functionally suppressed. We investigated whether suppression can also be overcome by contrast balancing in children with deprivation amblyopia due to childhood cataracts. To quantify interocular contrast balance, contrast interference thresholds were measured using an established dichoptic global motion technique for 21 children with deprivation amblyopia, 14 with anisometropic or mixed strabismic/anisometropic amblyopia and 10 visually normal children (mean age mean = 9.9 years, range 5-16 years). We found that interocular suppression could be overcome by contrast balancing in most children with deprivation amblyopia, at least intermittently, and all children with anisometropic or mixed anisometropic/strabismic amblyopia. However, children with deprivation amblyopia due to early unilateral or bilateral cataracts could tolerate only very low contrast levels to the stronger eye indicating strong suppression. Our results suggest that treatment options reliant on contrast balanced dichoptic presentation could be attempted in a subset of children with deprivation amblyopia.
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Introduction
Abnormal visual experience during childhood can result in amblyopia, a neurodevelopmental disorder of the visual system (Birch, 2012) . There are three primary causes of amblyopia; anisometropia (a difference in refractive error between the eyes, causing chronic image blur in one eye), strabismus (ocular misalignment, causing a decorrelation of the images seen by each eye) and deprivation (physical obstruction of vision in one or both eyes) (Holmes & Clarke, 2006) . Visual deprivation is most often caused by childhood cataract (an opacification of the lens), a rare and serious condition, requiring surgical removal of the opaque lens, and extensive post-operative care (Medsinge & Nischal, 2015; Oscar, Veleva, Chernodrinska, Kemilev, & Petkova, 2014; Repka, 2010) .
The hallmark of amblyopia is reduced visual acuity in an otherwise healthy eye after full correction of amblyogenic factors. There is a strong evidence base for the use of refractive correction (Cotter, 2006; Cotter et al., 2012; Stewart, Moseley, Fielder, & Stephen, 2004) and either occlusion or penalization of the fellow eye (Repka et al., 2014; Wallace et al., 2011 Wallace et al., , 2013 to treat the visual acuity deficit in children with strabismic or anisometropic amblyopia. However, evidence from randomized clinical trials supporting the use of patching or penalization to treat deprivation amblyopia is lacking (Antonio-Santos, Vedula, Hatt, & Powell, 2014; Hatt, Antonio-Santos, Powell, & Vedula, 2009) .
In addition to the loss of visual acuity, many other monocular and binocular visual deficits have been associated with amblyopia including impairments in Vernier acuity, stereopsis, contrast sensitivity and global motion perception (see Asper, Crewther, & Crewther, 2000; Hamm, Black, Dai, & Thompson, 2014 for reviews) . The extent to which the effects of deprivation amblyopia differ from anisometropic or strabismic amblyopia remains an open question, because the majority of psychophysical amblyopia studies have included either anisometropic and strabismic amblyopia, or deprivation amblyopia (McKee, Levi, & Movshon, 2003 notable exception). The most severe forms of deprivation amblyopia are caused by cataracts that restrict patterned visual input from birth or during early infancy. It is conceivable that this very early and complete visual deprivation has a different effect on visual development than strabismus or anisometropia. There are data that indirectly support this hypothesis. For example, deprivation amblyopia caused by congenital cataract is typically associated with greater losses in contrast sensitivity (Birch, Stager, Leffler, & Weakley, 1998; Levi & Harwerth, 1978; Tytla, Maurer, Lewis, & Brent, 1988) , stereopsis (Greenwood et al., 2012; Hartmann et al., 2015; Ing, 2011; Wallace et al., 2011) , and global motion perception (Constantinescu, Schmidt, Watson, & Hess, 2005; Ellemberg, Lewis, Maurer, Brar, & Brent, 2002; Hadad, Maurer, & Lewis, 2012) than have been reported for other subtypes of amblyopia (reviewed by Hamm et al., 2014) .
Furthermore, whereas strabismic and anisometropic amblyopia are typically unilateral, deprivation amblyopia can be unilateral or bilateral (Holmes & Clarke, 2006) . In fact, deprivation amblyopia caused by childhood cataract is bilateral in just over half of all cases (Rahi & Dezateux, 2000; Wirth et al., 2002) . Unilateral and bilateral deprivation amblyopia have different effects on visual function. For example, unilateral deprivation amblyopia results in more severe contrast sensitivity losses in the affected eye than bilateral deprivation amblyopia, perhaps due to interocular competition (Birch et al., 1998; Harwerth, Smith Iii, Paul, Crawford, & Von Noorden, 1991; Tytla et al., 1988) . Conversely, bilateral deprivation amblyopia leads to greater impairments in integration tasks such as global motion perception than unilateral deprivation amblyopia (Ellemberg et al., 2002) . Overall, therefore, deprivation may have a different effect on visual development than strabismus or anisometropia.
The loss of binocular vision in strabismic and anisometropic amblyopia involves active inhibition, or suppression, of cortical inputs from the amblyopic eye in favour of inputs from the fellow eye when both eyes are viewing (Baker, Meese, & Hess, 2008; Sireteanu & Fronius, 1981) . For patients with strabismic or anisometropic amblyopia, it is possible to overcome suppression and utilize information from both eyes simultaneously if stimuli are presented at a higher contrast to the amblyopic eye than to the fellow eye (Black, Thompson, Maehara, & Hess, 2011; Ding, Klein, & Levi, 2013; Huang, Zhou, Lu, & Zhou, 2011; Li et al., 2011; Li et al., 2013a Li et al., , 2013b Mansouri, Thompson, & Hess, 2008; Narasimhan, Harrison, & Giaschi, 2012; Zhou, Huang, & Hess, 2013) . We refer to this approach as contrast balancing.
A number of contrast balancing techniques have been developed that can be used to use quantify suppression in amblyopia (e.g. Ding & Sperling, 2006; Kwon, Wiecek, Dakin, & Bex, 2015) . One such technique involves the use of a dichoptic global motion stimulus (Mansouri et al., 2008) . The stimulus is constructed from a population of signal dots that move in a common direction and a population of noise dots that move randomly. The task is to identify the signal dot direction and the ratio of signal to noise in the stimulus is varied to manipulate task difficulty and measure a motion coherence threshold (percentage of signal dots required for a specific level of task performance). The use of this stimulus to assess binocular function involves two stages. Stage one is the measurement of the participant's global motion coherence threshold under non-dichoptic conditions. This measurement is then used to calibrate the signal to noise ratio in the second stage. In stage 2, the threshold number of signal dots is presented to the amblyopic eye at high contrast and the remaining noise dots are shown to the fellow eye with a variable contrast. Specifically, the contrast of the noise dots is gradually increased until the noise dots interfere with signal dot perception in the amblyopic eye resulting in poorer performance of the global motion task. The resulting contrast interference threshold is an estimation of the minimum interocular contrast difference required to overcome suppression and allow for the dichoptically presented dot populations to be perceived simultaneously and interact (Mansouri et al., 2008) .
Stronger suppression assessed using contrast balancing is associated with greater deficits in visual acuity and stereoacutiy in adults (Li et al., 2011; Li et al., 2013a Li et al., , 2013b ) and children (Narasimhan et al., 2012) with strabismic or anisometropic amblyopia. Animal models have also revealed a link between suppression during early visual development and visual function loss in strabismus (Sengpiel, Jirmann, Vorobyov, & Eysel, 2006) , strabismic amblyopia and anisometropic amblyopia (Bi et al., 2011; Smith Iii et al., 1997; Tao et al., 2014) . Together, these data suggest that patients with anisometropic or strabismic amblyopia possess a structurally intact binocular visual system that is functionally suppressed under normal viewing conditions (Hess, Thompson, & Baker, 2014) . This work has been the basis of new dichoptic treatments aimed at promoting binocular vision (Birch et al., 2015; Knox, Simmers, Gray, & Cleary, 2012; Li et al., 2013c Li et al., , 2014 To et al., 2011) .
Contrast balancing techniques have not previously been used to assess whether suppression limits binocular vision in patients with deprivation amblyopia. However, a subset of patients with deprivation amblyopia caused by unilateral or bilateral cataracts can perceive stereoscopic depth cues (Hartmann et al., 2015; Hwang, Matsumoto, & Borchert, 1999; Ing, 2011) , and this is facilitated by compensating for strabismus and poor acuity (Tytla, Lewis, Maurer, & Brent, 1993) . Work in this area is important because if patients with deprivation amblyopia do retain a structurally intact binocular visual system, binocular treatment approaches that have been proposed for patients with anisometropic and strabismic amblyopia (Birch et al., 2015; Eastgate et al., 2006; Hess, Mansouri, & Thompson, 2010; Hess, Mansouri, & Thompson, 2011; Knox et al., 2012; Li et al., 2013 Li et al., , 2015c Li et al., , 2014 Mansouri, Singh, Globa, & Pearson, 2014; Ooi, Su, Natale, & He, 2013; Spiegel et al., 2013; To et al., 2011; Vedamurthy et al., 2015) may be indicated for patients with deprivation amblyopia.
This study aimed to assess the whether interocular suppression could be measured using contrast balancing techniques in children with unilateral or bilateral deprivation amblyopia as a first step towards investigating the use of dichoptic treatments in these patients. We determined contrast interference thresholds in children with early unilateral, early bilateral or developmental unilateral deprivation amblyopia, as well as children with anisometropic and mixed strabismus and anisometropic amblyopia. Acuity, contrast sensitivity, and global motion thresholds were also measured and compared between the groups.
Methods

Participants
Forty-five children (5-16 years old) were recruited through two tertiary ophthalmic centres; one in Auckland, New Zealand and one in Guangzhou, China. Human ethics committees at each site approved the study protocols, and all procedures followed the tenets of the Declaration of Helsinki. Written informed consent was obtained from parents after full explanation of the study, and assent obtained from children when appropriate. 21 children with deprivation amblyopia due to childhood cataract, 14 with anisometropic amblyopia (AA) or mixed anisometropic and strabismic amblyopia (A/S) and 10 visually normal controls were recruited (Table 1) . Control children had visual acuity in each eye of 0.0 logarithm of the minimal angle of resolution in arcmin (LogMAR) or better and stereoacuity of 60 s of arc or better. Children with unilateral amblyopia had an interocular acuity difference of 0.2 LogMAR that could not be accounted for by ocular pathology, as well as a history of anisometropia, strabismus or unilateral cataract. Children with bilateral deprivation amblyopia had a history of bilateral cataracts, visual acuity worse than 0.1 LogMAR in both eyes and no measurable stereoacuity. Anisometropia was defined as a spherical equivalent refractive error difference of at least 0.5 dioptres (PEDIG, 2002) . Patients with deprivation amblyopia were sub-categorized into early bilateral deprivation (EBD), early unilateral deprivation (EUD), and developmental unilateral deprivation (DUD). Our use of the term 'early' indicates parental report of cataract symptoms before 1 year of age.
All children with deprivation amblyopia had undergone lens replacement surgery, and all but one were pseudophakic at the time of the study. Each wore appropriate correction for the testing distance using habitual spectacles or trial frames. A subset of these children had nystagmus, glaucoma or retinopathy of prematurity (RoP) ( Table 1) . Participants were included only if amblyopia was confirmed as the primary cause of the central acuity loss by an Table 1 Clinical details for participants with amblyopia. Patients are grouped by amblyogenic factor. These include the three deprivation amblyopia categories; early bilateral deprivation (EBD), early unilateral deprivation (EUD) and developmental unilateral deprivation (DUD) as well as anisometropic amblyopia (AA) and mixed anisometropic/strabismic amblyopia (A/S). The Randot preschool test was used for stereo acuity except in the cases marked with asterisks, which were measured with the adult Randot test. Acuity is presented in LogMAR (EVA -electronic visual acuity, MAR -Medmont AT20 R, tE -tumbling E chart). Mean age and LogMAR acuity, as well as the percentage of children with measurable stereo (800 s of arc or better) are provided in the shaded box for each group. Penalization refers to patching or atropine; Y indicates that penalization was prescribed and N that it was not prescribed. Compliance is estimated as good (G) or poor (P). If penalization therapy was prescribed and compliance was good, the duration of treatment was recorded. All penalization information was estimated from parental report. Treatment age refers to the child's first medical intervention for an amblyogenic factor. For participants with cataract, treatment age is the age of cataract removal surgery. For children with anisometropic or mixed amblyopia, the treatment age was when the child received refractive correction. Note that EBD5 and EUD1 (highlighted with asterisks) had their cataracts identified before the age of 1 year, but removed after the age of 1 year. Age of interocular lens (IOL) implantation is listed for cataract participants. IOLs implanted at initial surgery are recorded as IS, the single aphakic child is denoted by an A. Otherwise the parent reported age at surgery for IOL implantation is listed. An asterisk in the strabismus column indicates strabismus surgery. Intermittent (int) strabismus and phorias (P) are noted. Contrast interference thresholds (CIT) are presented as percentages, asterisks indicate intermittent (the child scored zero on one, but not all trials). Worth-4-Dot results were scored as no suppression (1), diplopic (2) or suppression (3). Asterisks beside refraction indicate no habitual correction and therefore testing was done with trial frames. The final column indicates other relevant ocular [nystagmus (N), glaucoma (G), retinopathy of prematurity (RoP)] or systemic [prematurity (P) and abnormal development (AbD)] issues. LE = left eye, RE = right eye, SE = stronger eye, WE = weaker eye. experienced ophthalmologist. Two children had mild cognitive impairment, one had dyspraxia, one attention deficit hyperactivity disorder (ADHD), and one chondrodysplasia-punctata.
Clinical assessments
Crowded visual acuity was measured with electronic acuity charts [either the EVA system (Beck et al., 2003) or the Medmont AT20 R, Vermont, Australia] in Auckland and a tumbling E chart in Guangzhou (to eliminate need for recognition of the Roman alphabet). The Medmont and tumbling E charts were constructed from logarithmically sized and spaced lines containing 5 letter optotypes. The Medmont chart required letter recognition, the tumbling E chart required identification of the orientation of E optotype (up/down/left/right). The EVA system required identification of individual letters presented with crowding bars. Two children in the early unilateral cataract group had very poor vision in the amblyopic eye, clinically defined as the ability to 'count fingers'. These children were assigned a LogMAR acuity of 2.00 (Smith Iii et al., 1997) .
For all participants, the eye with poorer acuity was labelled as the weaker eye (WE) and the fellow eye was labelled as the stronger eye (SE). 'Weaker' and 'stronger' were chosen rather than 'amblyopic' and 'fellow' to allow common terminology across all participants including those with bilateral amblyopia and controls. For participants with no interocular visual acuity difference the non-dominant eye (assessed using the Dolman method) was labelled as the weaker eye.
Strabismus was assessed with the prism cover test. Many children had a variable angle of strabismus and nystagmus, and in some cases a prism value could not be estimated. Stereoacuity was measured using a polarized vectograph random dot stereogram test by Randot (Stereo Optical Co. Inc, Chicago, IL). In this test, stimuli appeared in 3D if the disparity (measured in arc seconds) between the images visible to each eye could be perceived and interpreted as depth. Suppression was measured with the Worth-4-Dot test. In this test, four backlit dots were displayed; one red, two green and one white. The participant observed the stimulus with red green anaglyph glasses and reported how many dots they perceived. The test was scored as no suppression, 4 dots (score of 1), diplopic, more than 4 dots (score of 2) or suppression, fewer than 4 dots (score of 3). Clinical measures of binocularity were measured without prismatic correction.
Psychophysics
Psychophysical testing required approximately two hours and was completed in one or two consecutive visits. Computer display monitors were gamma corrected, the room was dimly lit and feedback was provided for all tasks.
Contrast sensitivity
Stimuli were generated by a 2.66 GHz Intel Core 2 Duo MacBook Pro running Psykinematix v1.4.2 software (KyberVision, Toronto, Canada) with bit stealing to generate 10.8 bits of contrast resolution, and displayed on a 120 Hz LCD screen (Samsung 2233R2) from a distance of 1 m. Stimuli consisted of luminance defined sinusoidal gratings of 1, 2, 4, 8 and 16 cycles per degree (cpd).
The stimuli were presented for 0.5 s with raised cosinus temporal modulation, the flat component of which was 0.3 s. Each grating was displayed within a circular Gaussian envelope. A two alternative forced choice orientation discrimination task was employed, whereby participants indicted whether the grating was vertical or horizontal. Contrast thresholds were obtained by a two down, one up adaptive staircase with proportional decreases of 25% until the first reversal and 15% thereafter, terminating after four reversals. Threshold estimation was based on an average of all reversals. Participants were asked to repeat the measurement if an individual staircase did not properly converge. In these instances, the two thresholds were averaged (note that the results presented below did not depend on this averaging procedure).
Contrast thresholds were converted to log sensitivities and fitted with a quadratic function. Parabolic fits represented the data well (mean R 2 ± SE WE: 0.96 ± 0.07, BE: 0.98 ± 0.04). If the root could not be derived, the data were excluded from analysis (n = 2). Cut-off spatial frequencies higher than 60 cpd were set to 60 cpd (n = 5), the estimated limit of resolution based on photoreceptor density (Curcio, Sloan, Kalina, & Hendrickson, 1990) . The derivative of the fit, or area under the log contrast sensitivity function ( AUL CSF) was calculated from 1 cpd to the extrapolated root and used for statistical analysis.
Contrast interference
Stimuli were presented on an ASUS VG278 monitor with an NVIDIA 3D ready 120 Hz LCD display from a distance of 50 cm. The stimuli were generated with a Dell Optiplex 9010 desktop equipped with an NVIDIA Quadro 600 graphics card, running Matlab (Mathworks, Natick, MA) and Psychophysics Toolbox Version 3. Dichoptic presentation was achieved using NVIDIA 3D shutter glasses. Each participant attempted to align dichoptically presented nonius lines on the LCD display prior to testing. Given the age of the participants, and depth of suppression in some cases, this was challenging. However, with the support of the research team all participants were able to provide an alignment broadly consistent with their angle of strabismus, where applicable.
We used a two phase global motion coherence task to measure contrast interference thresholds (CIT) as described in the introduction section (Li et al., 2011 (Li et al., , 2013a (Li et al., , 2013b Narasimhan et al., 2012) . One hundred dots with linear trajectories (4.5°/s) were presented in a circular aperture with a diameter of 11.4°. Each dot had a limited lifetime whereby 5% of dots were eliminated and redrawn in a new location in each 60 Hz frame. The mean dot diameter was 0.7°, randomized by 20% across a flat distribution to control for aniseikonia (Li et al., 2013a) . Among the 100 dots, a portion was comprised of coherently moving signal dots and a portion by randomly moving noise dots. Each trial lasted one second, after which participants were asked to indicate the direction of coherent motion [up or down; vertical directions were used rather than horizontal to minimize the impact of nystagmus (Ellemberg et al., 2002) ]. Maximum dot contrast was set to 50% to minimize cross talk between dichoptic channels, henceforth referred to as full contrast.
In the first phase of the task, motion coherence thresholds (MCT) were measured to calibrate task difficulty. In the second phase, contrast interference was measured at each participant's motion coherence threshold. First, motion coherence thresholds were measured with full contrast dots for binocular viewing (both eyes viewed all dots) and monocular viewing with the weaker eye. This is a measure of the percentage of coherently moving dots required to elicit an accurate perception of the overall direction. The addition of the monocular condition ensured that participants could perform the task and that the dots were visible when viewed only with the weaker eye. A three down one up staircase varied the proportion of signal to noise within the stimulus using a proportional step size of 50% until the first reversal, and 25% thereafter. The weaker eye motion coherence threshold was used for the dichoptic contrast interference component of the task. For this part, the threshold proportion of signal dots was presented to the weaker eye at full contrast and the noise dots were presented to the fellow eye. A three up, one down staircase varied the contrast of the noise dots using a proportional step size of 10% until the first reversal, and 5% thereafter. In this way we measured the contrast level at which the noise dots in the stronger eye interfere with the perception of signal dots in the weaker eye. All staircases were limited to 150 trials or six reversals, with the last five reversals averaged to estimate threshold. We attempted five staircases for each threshold measurement, and all children completed at least three. The average of all measured thresholds was used for statistical analysis.
Two participants with early bilateral deprivation (EBD2 and EBD5) had weaker eye motion coherence thresholds of 100% despite reporting being able to see the dots, perceive motion in the stimulus, and having successfully completed the task binocularly with less than 100% coherence. These two children were excluded from the contrast interference measurements. One additional child was excluded because their contrast interference threshold could be replicated under monocular viewing conditions (n = 1, assessed in a subset of participants to rule out dichoptic cross talk and fortuitous staircase advancement). Excluded participants are highlighted in Table 1 .
Statistical analysis
ANOVA was used to test for differences between the six subgroups of children. Post hoc Bonferroni tests were used to explore significant main effects. Separate ANOVAs were carried out for each of the following outcome measures: Visual acuity (weaker eye, stronger eye, better eye, and interocular difference), contrast sensitivity (weaker eye and better eye), motion coherence (weaker eye and better eye), and contrast interference threshold. Groups were not age matched, and age varied significantly between groups (F 5 = 3.8, p = 0.007). To account for this, age was included as a covariant in each ANOVA analysis. Data are shown as mean ± standard error. Pearson's correlation coefficients and univariate ANOVAs were used to explore relationships between dependent variables. Table 2 provides a summary of acronyms used within the results section.
Results
Acuity
Visual acuity in the weaker eye varied significantly between groups (F 5 = 11.6, g p 2 = 0.605, p < 0.001, Table 1 ). The EUD group had the poorest acuity (1.20 LogMAR ± 0.23) followed by those with EBD (0.80 LogMAR ± 0.33). As expected, binocular visual acuity also differed significantly between groups (F 5 = 20.0, g p 2 = 0.730 p < 0.001), whereby children with EBD had poorer binocular visual acuity (0.52 LogMAR ± 0.10) compared to all other groups (p < 0.001). Binocular and stronger eye visual acuity followed the same trend (Table 1) . Fig. 1A shows representative weaker eye contrast sensitivity functions for each group. Weaker eye contrast sensitivity varied between groups (F 5 = 27.5, g p 2 = 0.797, p < 0.001; Fig. 1B, left panel). All patient groups had significantly poorer contrast sensitivity in the weaker eye than controls (p < 0.001). Contrast sensitivity was significantly poorer in the weaker eye of children with EUD than those with DUD (p = 0.006), and AA (p < 0.001). Children in the DUD, AA and A/S groups did not differ significantly from one another in terms of weaker eye contrast sensitivity, and generally had better contrast sensitivity than children with early visual deprivation, consistent with the visual acuity results.
Contrast sensitivity
Binocular contrast sensitivity also varied between groups (F 5 = 13.7, g p 2 = 0.655, p < 0.001; Fig. 1B, right panel) . As expected, the EBD group had the poorest binocular contrast sensitivity, statistically different from all other groups (p < 0.05) except the A/S group. Among the unilateral amblyopia groups, only the A/S group had significantly poorer binocular contrast sensitivity than control children (p = 0.006). Across all children, visual acuity and the area under the log contrast sensitivity function ( AUL CSF or contrast sensitivity) were significantly correlated for both the weaker eye (R 2 = 0.69, F 1 = 89.9, p < 0.001) and binocular viewing (R 2 = 0.59, F 1 = 56.3, p < 0.001) conditions, whereby better contrast sensitivity was associated with better visual acuity.
Clinical measures of binocularity
Among participants with amblyopia, only six had measurable stereoacuity (Table 1) . None of these children demonstrated suppression of the weaker eye on the Worth-4-Dot test, and none had strabismus. The only child with deprivation amblyopia who demonstrated measureable stereo had a history of a developmental unilateral deprivation and very good acuity outcomes (DUD1, weaker eye: 0.14, stronger eye: À0.26 LogMAR). Seven additional children with amblyopia did not suppress the weaker eye according to the Worth-4-Dot test, but did not have measurable stereoacuity (Table 1 ). All children in the early unilateral cataract group demonstrated suppression of the weaker eye on the Worth-4-Dot test, whereas the early bilateral group was diverse, with four suppressing the weaker eye, one demonstrating fusion, and four demonstrating diplopia.
Motion coherence and contrast interference thresholds
Weaker eye motion coherence thresholds varied significantly across groups (F 5 = 11.4, g p 2 = 0.613, p < 0.001; visual acuity and age were included as covariates) whereby the EBD group had significantly poorer thresholds than all other groups (p < 0.01) (Fig. 2) . This is consistent with previous work (Ellemberg et al., 2002; Hadad et al., 2012) . No other groups were significantly different from controls in the weaker eye or binocular conditions. Contrast interference thresholds were tested at each individual's monocular global motion threshold to control for individual differences in global motion threshold.
All children with anisometropic, anisometropic/strabismic or deprivation amblyopia due to a unilateral developmental cataract along with normal controls had measureable contrast interference thresholds, suggesting that suppression could be minimized by contrast balancing (at least intermittently, indicated with an asterisks in Table 1 ).
The results were less consistent for the participants with early deprivation amblyopia. Four of the seven participants in the EUD could overcome interocular suppression at least intermittently, two participants were unable to do so (contrast interference thresholds of zero) on any trials, and one participant was excluded because the results indicating very strong suppression could be replicated with the fellow eye only. Of the seven children in the EBD group who had measureable weaker eye coherence thresh- olds, three children could perform the contrast interference task consistently, a further three children could perform the task, but had at least one trial on which they had a contrast interference threshold of zero, and one child was unable to perform the task even when very low contrast dots were presented to the fellow eye, suggesting extremely strong suppression or an absence of binocular function. Taken together, contrast balancing could be used to overcome suppression in the majority of children with deprivation amblyopia, at least intermittently. For the children with deprivation amblyopia due to early cataracts, timing of surgery was correlated with contrast interference thresholds (R 2 = 0.43, F 1 = 8.4, p = 0.015), whereby earlier surgery was associated with weaker suppression (Fig. 3A) .
Contrast interference thresholds varied significantly between groups (F 5 = 11.2, g p 2 = 0.614, p < 0.001). All groups with amblyopia were different from control children (p < 0.05) and children with early deprivation exhibited the poorest thresholds. Children with EUD had the lowest thresholds whereby, on average, fellow eyes could tolerate only 8% (±4) of the contrast seen by the amblyopic eye. The EUD group had significantly poorer contrast interference thresholds than the AA group (49% ± 5, p = 0.045). Although not statistically significant, children with EBD had numerically lower (poorer) contrast interference thresholds than children in the AA, A/S and DUD groups, despite having a smaller interocular acuity difference. In addition, when considering all children with amblyopia, those without suppression on the Worth-4-Dot test (score of Children with early bilateral cataracts required a greater percentage of signal dots to perceive global motion than other children with amblyopia and controls, but when age and VA were accounted for, this effect was only statistically significant for the weaker eye viewing condition (highlighted with a light grey bar).
1) had higher (better) contrast interference thresholds than those with Worth-4-Dot (W4D) suppression (score of 3) (W4D = 1, CIT = 42% ± 6; W4D = 3, CIT = 23% ± 4; p = 0.02).
Relationships between dependant variables
When all children with amblyopia were considered together, contrast interference thresholds were significantly correlated with weaker eye visual acuity (R 2 = 0.28, F 1 = 11.8 p = 0.002), weaker eye contrast sensitivity (R 2 = 0.60, F 1 = 40.3, p < 0.001) and interocular visual acuity difference (R 2 = 0.16, F 1 = 5.6, p = 0.024), whereby better contrast sensitivity, better weaker eye visual acuity and less interocular visual acuity difference were each associated with weaker suppression (i.e. tolerance of higher contrast in the stronger eye) (Fig. 4) . Interestingly, the correlation between contrast interference thresholds and interocular visual acuity difference was the weakest of these three correlations. Contrast interference thresholds were also significantly correlated with weaker eye motion coherence thresholds whereby stronger suppression was associated with poorer weaker eye motion coherence thresholds (R 2 = 0.32, F 1 = 13.4, p = 0.001).
To assess whether the correlations for the pooled data simply reflected differences between the subgroups, we conducted univariate ANVOA analyses with subgroup as a fixed factor. We found no significant interaction effect of subgroup for the relationships between 1) contrast inference threshold and interocular visual acuity difference, or, 2) contrast inference threshold and weaker eye contrast sensitivity. However, there was a significant interaction effect of subgroup for the relationship between contrast interference threshold and weaker eye acuity (F 4 = 3.5, p = 0.022) indicating that the relationship between these two variables differed significantly between subgroups. Separate post-hoc analyses for each subgroup revealed that this correlation was only significant for the anisometropic/strabismic amblyopia subgroup (R 2 = 0.93, F = 38.0, p = 0.009). Fig. 4 shows these relationships with each subgroup identified using a unique marker.
Discussion
We found that most children with deprivation amblyopia could overcome interocular suppression, as evidenced by measureable contrast interference thresholds, at least intermittently, when interocular contrast was offset was in favour of the weaker eye. In agreement with previous work in humans (Birch, Swanson, Stager, Woody, & Everett, 1993; Hartmann et al., 2015; Ing, 2011; Kim, Kim, Kim, & Yu, 2012; Kim & Plager, 2009; Lundvall & Kugelberg, 2002; Ondráček & Lokaj, 2003; Tytla et al., 1993; Yamamoto et al., 1998) and animals (Duffy, Burchfiel, Mower, Joy, & Snodgrass, 1985; Duffy, Snodgrass, Burchfiel, & Conway, 1976; Sillito, Kemp, & Blakemore, 1981; Sillito, Kemp, & Patel, 1980) , our data suggest that deprivation amblyopia does not necessarily preclude binocular visual function (at least when cataract removal is prompt).
However, the contrast offset required to overcome interocular suppression after early unilateral and bilateral deprivation was substantial and three children (two with EUD and one with EBD) had contrast interference thresholds of zero indicating an inability to use the eyes together regardless of the interocular contrast offset. All three of these children had cataract removal surgery after 5 months of age. Therefore, extended deprivation may have particularly profound effects on binocular vision.
Our findings for children with anisometropic and strabismic amblyopia were consistent with similar work by Narasimhan et al. (2012) and indicate the presence of interocular suppression in both of these groups. However, the degree to which interocular suppression limits binocular vision in deprivation amblyopia requires further investigation. Notably, children with early unilateral visual deprivation had very poor visual acuity, contrast sensitivity and contrast interference thresholds in their amblyopic eyes, significantly worse than children with anisometropic amblyopia. Although all children for whom contrast interference thresholds are reported could perform the global motion task monocularly with their weaker eye, the unilateral sensitivity loss for these children may have contributed to the low contrast interference thresholds we observed. Inclusion of bilateral cases allowed for an assessment of the relative importance of weaker eye visual acuity and interocular visual acuity difference for contrast interference thresholds. If interocular competition during development (Birch et al., 1998; Tytla et al., 1988) plays an important role in determining contrast interference thresholds, we might expect interocular visual acuity differences to be a better predictor of contrast interference thresholds than weaker eye visual acuity. We did not find evidence for this in our sample. In addition, the relationship between contrast interference thresholds and interocular visual acuity difference varied significantly between groups, with only the anisometropic/strabismic group exhibiting the expected correlation between these two measures. Therefore, it is possible that contrast interference thresholds reflect active interocular suppression in some groups (e.g. strabismic amblyopia) but a different property of binocular function, such as weak binocular integration mechanisms (bilateral deprivation amblyopia) or unilateral sensitivity loss (unilateral deprivation amblyopia) in others. Larger sample sizes are required to test this possibility.
Our finding that motion coherence thresholds were poorer for children with bilateral deprivation than controls and children with Fig. 3 . Contrast interference thresholds across groups. Contrast interference thresholds are depicted on the y-axis as the percent contrast of noise dots that could be tolerated in the stronger eye. Lower values indicate more severe interference, or suppression. Panel (A) shows contrast interference thresholds as a function of age of surgery for the two groups with early deprivation. Red circles indicate that contrast interference thresholds were measurable on all trials. Panel (B) shows mean contrast interference thresholds for each group. Controls were significantly different from all other groups when age was accounted for, highlighted with lighter bars. Among children with amblyopia, the only significant difference was between early unilateral deprivation (EUD) and anisometropic amblyopia (AA).
other subtypes of amblyopia is consistent with previous work (Ellemberg et al., 2002; Hadad et al., 2012) and reinforces the importance of early visual experience for the normal development of motion integration mechanisms. We did not find significant amblyopic eye motion coherence threshold deficits for patients with anisometropic or anisometropic/strabismic amblyopia unlike previous studies (Aaen-Stockdale & Hess, 2008; Narasimhan et al., 2012; Simmers, Ledgeway, Hess, & McGraw, 2003) , although the data did show a trend in the expected direction. It is likely that we did not have sufficient power to detect this effect in our small sample of children with anisometropic or anisometropic/strabismic amblyopia.
Childhood cataract is rare with approximately 3 infantile cataracts expected in every 10,000 births (Holmes, Leske, Burke, & Hodge, 2003; Wirth et al., 2002) and has a diverse presentation. Reflecting this diversity, our sample included a variety of ages, differing histories of prior treatment and a range of strabismus types. Further investigation of the impact of each of these factors on contrast interference thresholds would be valuable but was not possible within our heterogeneous sample. Additional investigation separating simultaneous perception, capacity for fusion, contrast interference thresholds and functional binocularity would also be beneficial given the intermittent nature of contrast interference thresholds in some of these children. Notwithstanding these additional questions, this study provides an important first step, establishing the capacity to overcome interocular suppression in a majority of children with deprivation amblyopia using methodology that has been used successfully in children with anisometropic and strabismic amblyopia (Narasimhan et al., 2012) .
Our finding that most children with deprivation amblyopia can overcome interocular suppression when contrast is appropriately balanced is important. It suggests that a period of visual deprivation during childhood does not completely prevent the development of binocular connections within the visual cortex, as long as the period of visual deprivation is short. This provides further motivation for prompt removal of childhood cataracts, and an empirical basis for investigating the effect of dichoptic, contrast balanced treatment in children with deprivation amblyopia. Fig. 4 . The relationship between contrast interference thresholds, contrast sensitivity and acuity. In all plots, children with anisometropic or and anisometropic/strabismic amblyopia are depicted by circles, and children with deprivation amblyopia are represented by squares. All three measures of spatial vision were significantly correlated with contrast interference thresholds, but weaker eye contrast sensitivity showed the strongest relationship. Note that children with early visual deprivation (filled squares) tend to fall below the line of best fit for both weaker eye visual acuity and interocular acuity difference.
